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Copper wetting of a-Al2O3(0001): theory and experiment
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Abstract

X-ray photoelectron spectroscopy ( XPS) studies have been carried out on sputter deposited copper on a
substantially hydroxylated a-Al2O3(0001) (sapphire) surface under ultra-high vacuum (UHV ) conditions. XPS-derived
Cu uptake curves show a sharp change in slope at a coverage of 0.35 ML (on a Cu/O atomic basis), indicative of
initial layer-by-layer growth. Cu(LMM ) lineshape data indicate that, prior to the first break in the curve, Cu is
oxidized to Cu(I ). At higher coverages, metallic Cu(0) is observed. These data agree with first principles theoretical
calculations, indicating that the presence of adhydroxyl groups greatly enhances the binding of Cu to bulk sapphire
surfaces, stabilizing Cu(I ) adatoms over two-dimensional metallic islands. In the absence of hydroxylation, calculations
indicate significantly weaker Cu binding to the bulk sapphire substrate and non-wetting. Calculations also predict
that at Cu coverages above 1/3 ML, CuMCu interactions predominate, leading to Cu(0) formation. These results are
in excellent agreement with experiment. The ability of surface hydroxyl groups to enhance binding to alumina
substrates suggests a reason for contradictory experimental results reported in the literature for Cu wetting of alumina.
© 2000 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction interest because of the introduction of Cu in
modern integrated microcircuits [5]. Cu deposition
onto diffusion/adhesion barriers or dielectricsWe report experimental and theoretical studies

of Cu interactions with the sapphire basal plane, under industrial conditions typically involves a
partially oxidized metallic substrate. The ability toa-Al2O3(0001), under ultra-high vacuum ( UHV )

conditions. The interaction of metals with oxides predict the relative strength of metal interactions
with a ‘real world’ oxide and understand growthis of basic scientific interest, and has been a subject

of controversy [1,2]. Technological motivation morphology would have immediate impact on
both processing and materials choices in microelec-includes the long-standing importance of such

interactions in heterogeneous catalysis [3], high tronics fabrication, and the areas of catalysis,
adhesion, and corrosion inhibition. Here we com-temperature metallurgy [4], and microelectronics,
bine experiment with first principles theory in anthe latter recently assuming additional practical
attempt to further such an ability.

Metal interactions specifically with alumina sub-* Corresponding author. Fax: +1-940-565-4824.
E-mail address: kelber@bob.unt.edu (J.A. Kelber) strates present an important area for study because
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of the use of alumina in supported catalysts [3], to changes in the initial electronic state of the
copper rather than to final state screening effects.and the experimental ability to produce ordered

A few ab initio studies of Cu on Al2O3 havesubstrates in both thin film [4,6–10] and bulk-
been reported [20,21]. These early studies indicatetruncated forms. Experimental results [11–17] for
a very weak interaction between Cu adatoms andCu deposited onto alumina have been inconsistent.
the substrate. Such findings are in marked contrastX-ray photoelectron spectroscopy ( XPS) studies
to the theoretical results reported here, because[11] of Cu deposited by thermal evaporation onto
relaxation of the oxide surface, not possible inbulk truncated a-Al2O3(0001) indicated ordered
small cluster models [20,21], has been found tolayer-by-layer growth for the first two to three
critically determine the nature of adsorptionatomic layers. The initial Cu adlayer was observed
[22,23]. Another important difference between theto form ‘CuMO bonds’ with the substrate [11]
methods used here and in previous studies [20,21]and was present as oxidized Cu, in the form of
is the employment of thick slabs, made possibleCu(I ) ions. Other studies on polycrystalline
by advances in computing and algorithms [22].Al2O3 reported layer-by-layer growth [12,13] and
The surface relaxation in sapphire (0001) is unusu-Cu(I ) formation at coverages below 0.5 ML [13].
ally large and deep (penetrating to the third oxygenIn contrast, a study on epitaxial ~20 Å Al2O3 layer), and necessitates slabs thicker than aboutfilms formed on refractory metal substrates [14]
eight oxygen layers for quantitative reliability.reported the growth of three-dimensional clusters

The first accurate theoretical study of metals onof metallic Cu, even at submonolayer Cu cover-
sapphire [22] found two very different adsorptionages. In particular, XPS and low energy ion scatter-
mechanisms, depending on coverage. While iso-ing (LEIS) measurements [14] indicated Cu cluster
lated adatoms are oxidized and bind strongly asformation at the lowest observable coverages at
ions, if coordinated to two or more other metalboth 300 K and 80 K, with no Cu(I ) observed.
adatoms, the adsorbates are metallic, showingXANES [15,16 ] measurements carried out on sap-
negligible charge transfer to the surface and rela-

phire substrates have reported no evidence of Cu
tively weak adsorption, mainly by polarization.

oxidation, and coverage-dependent shifts in Cu With a few interesting exceptions not relevant to
core level and LMM peaks have been interpreted the present paper, this basic pattern of binding
in terms of final state screening [17], rather than was also found when 11 different metals were
ionization of the Cu. Meanwhile, recent ion scat- studied adsorbed on an ultra-thin (~5 Å) Al2O3tering experiments by Ahn and Rabalais [18] have film [23]. In the latter study, Cu was noted to
shown that cut and polished sapphire (0001) sur- differ qualitatively from metals such as Pd and Pt,
faces (the basal plane is not a cleavage surface) in that the strength of the bonding as an oxidized
cannot be made free of hydrogen contamination species is stronger due to the smaller ionic radius,
in the form of hydroxyl even by annealing to while the strength of the metallic CuMCu inter-
1400 K. In addition, experimental studies of Rh actions is weaker due to reduced cohesive energy.
deposited on ultra-thin epitaxial Al2O3 films [19] Born–Haber cycles can be computed to predict
suggest that surface hydroxyl binds the Rh to the thermodynamically whether a deposited metal
surface as a cation and serves as nucleation sites would rather spread out on the surface as isolated
for Rh clusters. These studies have raised the issue adatoms or be drawn into 2D islands [22,23]; one
of the role of surface hydroxyl groups in producing can also, of course, compare 2D islands with 3D
the apparent disagreements summarized above. islands. It is then possible, if the oxidized isolated
The experimental results reported below indicate adatoms are sufficiently bound compared with the
initial layer-by-layer growth of Cu on hydroxyl- metallic atoms in 2D islands, for wetting to occur,
ated a-Al2O3(0001) at 300 K, and the exclusive even if 3D islands are preferred energetically over
presence of Cu(I ) during the formation of the first the others. In this case, 2D islands would act as
layer. Analysis of X-ray excited Cu(LMM) Auger kinetic barriers to 3D island formation from iso-

lated adatoms (ions); however, if isolated adatomsdata indicates that changes in the spectra are due
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are sufficiently mobile, the presence of defect nucle- differentially pumped Teflon seals against the pol-
ished double-walled manipulator rod. Thisation sites for 3D clusters (vide infra) could then

deplete the numbers of isolated adatoms by direct arrangement permits sample transport on the rod
between the analysis and sputter deposition envi-adsorption and thus prevent the observation of a

wetted surface. These issues will be discussed below ronments. The sample, 10×10×0.5 mm3 of com-
mercially obtained a-Al2O3(0001), was mountedin light of the experimental data.

Recently, defect nucleation sites for Pt clusters on a tantalum sample holder attached to two
tantalum leads which were themselves in contacton MgO(100) have been studied using first prin-

ciples calculations [24]. The two most common with a liquid nitrogen reservoir. A combination of
liquid nitrogen cooling and resistive heating of theisolated surface defects were investigated: vacan-

cies, both isolated and paired, and water bypro- sample holder permits a variation in temperature
between 130 K and ~1100 K. All results reportedducts, as both ad-OH and in-surface OH, the latter

produced by the reaction of H+ with a surface here, however, were obtained at ambient temper-
ature, ~300 K.O2− ion. It was found that single surface vacancies

in fact destabilize Pt dimers (the first step in The sample was cleaned by sonication in ace-
tone, methanol and deionized water prior to inser-nucleation), while in contrast mixed divacancies

and ad-OH impurities stabilize the same, promot- tion in the vacuum system. Working pressures in
the analysis chamber were in the range ofing metal island formation. In addition, it was

found that ad-OH increases the adatom binding 1–5×10−9 Torr, and in the range of 10−8–
10−7 Torr in the sputter deposition chamber (inenergy significantly. These results are likely to be

quite general for highly ionic oxides, including the absence of plasma). Pressures in both chambers
(in the absence of plasma) were monitored bysapphire. In fact, the above mentioned experimen-

tal studies of Rh deposition on hydroxylated ultra- nude ion gauges in both chambers placed out of
line of sight of the sample. Pressures duringthin alumina films [19] clearly show an increase in

the density of nucleation sites. Here, however, the plasma-induced sputter deposition were monitored
with a baratron gauge.surface is much more hydroxylated and the conse-

quences quite different. XP spectra were acquired using a commer-
cially available hemispherical sector analyzerWe report below on the binding and growth of

Cu on a-Al2O3(0001) with a likely presence of (VG100AX ) operated at a constant pass energy
of 50 eV. Calibration of the analyzer energy scale1/3–1/2 ML of hydroxyl impurities. Section 2 pres-

ents descriptions of the experimental and theoreti- was carried out using sputter-cleaned Cu and Au
samples, according to established techniques [25].cal methods used in this study. Section 3 presents

experimental results, while Section 4 contains a Mg Ka radiation was obtained from a commercial,
unmonochromated source (Physical Electronics,description of theoretical results. A discussion is

presented in Section 5, and a summary and conclu- PHI Model 1427) operated at 15 kV and 300 W.
Software for data acquisition and analysis havesions are contained in Section 6.
been described previously [26 ]. Elemental atomic
sensitivity factors appropriate to this analyzer
(obtained from VG Microtech, UK ) were used to2. Methodologies
estimate surface coverages and chemical composi-
tion from the integrated intensities of core level2.1. Experimental methods
transitions. XP spectra were acquired with the
sample aligned normal to the analyzer axis (normalExperiments were carried out in a combined

UHV analysis/sputter deposition system at the incidence) and at 60° (with respect to the surface
normal-grazing incidence).University of North Texas. The analysis and

sputter deposition chambers were independently The sputter gun (Physical Electronics) was oper-
ated by direct Ar gas feed into the ionizationpumped by turbomolecular pumps to tolerate high

gas loadings. Chamber isolation is achieved with chamber with a variable excitation voltage of 1–
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5 keV. Sputter deposition of Cu was carried out
using a commercial water-cooled magnetron
source (MiniMak), and an Ar plasma with a
partial pressure of 0.015 Torr. Plasma power was
readily maintained so as to give highly reproduc-
ible deposition rates as low as 0.01 ML Cu/min.
This mechanism resulted in the deposition of Cu
free from oxygen contamination, as determined by
XPS measurements of films deposited on oxygen-
free substrates (e.g. polyethylene). Cu depositions
were carried out with the sample temperature
initially at 300 K. Negligible increases in sample
temperature were observed during plasma depos-
ition. Repeated exposure of the sample to the
environment of the sputter deposition chamber
resulted in an unavoidable accumulation of adven-
titious carbon of the sample. Carbon coverage,
however, appeared to saturate at ~0.5 ML (on a
carbon to oxygen atomic basis), and was usually

Fig. 1. Representation of the sapphire (0001) surface showingsignificantly lower (~0.1–0.3 ML). Some trace
the most favored sites for 1/3 ML Cu (‘Al3’, hollow sites abovecontamination due to Ca impurities in the sapphire
the deepest Al cations) and 1 ML Cu (‘O’, atop O, see

was also observed. No carbon contamination was Ref. [22]).
observed as a function of Cu deposition. Deliberate
variation of carbon coverage between 0.1 and relaxation process. The vacuum between repeating
0.5 ML (e.g. by varying sample exposures to the

slabs exceeded 18 Å. Our slabs had nine layers ofvacuum of the deposition chamber prior to depos-
three O and two Al atoms per unit cell, with Cuition) had no significant effect on Cu nucleation
and/or OH added to both sides. The center threebehavior or oxidation state.
Al2O3 layers were frozen at the bulk LDA spacing,
while all other atoms were geometrically free to2.2. Theoretical methods
relax. We considered the most favored sites, which
for 1/3 ML Cu is the hollow site above the deepestThe electronic structure calculations were per-
Al ion (‘Al3’ in Fig. 1) [20–22], and for 1 ML Cuformed using the Vienna Ab Initio Simulation
is atop O [22]. We also considered 1/3 ML ofPackage (VASP) [27]. This plane-wave based den-
ad-OH placed above the shallowest Al ion (‘Al1’,sity-functional [28,29] code uses the ultra-soft
the obvious site based on electrostatics), with andpseudopotentials of Vanderbilt [30] which permit
without 1/3 ML and separately 1 ML of Cu ingood convergence at a plane wave cut-off of
sites O, which maximize the interaction with the270 eV. For sapphire, this value produces excellent
OH. (The relaxed adsorbate positions with ad-OHagreement with the results of Ref. [22], which used
present are distortions of these beginningmuch harder potentials and which agreed with all-
positions.)electron calculations in the literature. In the case

of Cu, this potential results in a lattice constant
of 3.53 Å, within 0.8% of the nominal value. For

3. Experimental results‘standard’ local density theory, we used the
Perdew/Zunger parameterization [31] of the

3.1. Vicinal and lightly sputtered sapphire surfacesCeperley/Alder electron gas results [32]. Geometric
relaxation, to forces <0.05 eV/Å, was done

After insertion into the UHV chamber, XPSthrough a quasi-Newton algorithm. A damped
dynamics method was found to speed the final survey and core level spectra were obtained for
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Table 1 energy), as expected if charging is a function of
Calculated sapphire (0001) surface O to Al atomic ratio the inelastic mean free path of the photoelectrons.
(±0.05) based on XPS data taken after annealing (1 h at

Comparison of normal incidence vs. grazing inci-1100 K, in 5×10−6 Torr O2) and Ar+ sputtering at 1 keV
dence results shows that differential charging is(6 min), 2 keV (10 min), and 5 keV (10 min). (h is the angle

between the analyzer lens and the sample surface normal ) more pronounced with greater sampling depth.
Such differential charging has been reported pre-

h Initial Annealed in O2 1 keV 2 keV 5 keV
viously [11,34–37] in studies on insulating sub-
strates. Correction for such differential charging0° 1.54 1.52 1.52 1.51 1.49

60° 1.73 1.72 1.72 1.61 1.45 effects is obviously more problematic than for
uniform charging. The core level spectra listed in
Table 2 were assigned to the literature values given.the sapphire surface before annealing, after annea-
This makes it difficult, however, to precisely cor-ling to 1100 K in 5×10−6 Torr O2, and after
rect for shifts in the Cu(2p) and Cu(LMM) spec-subsequent light Ar ion sputtering (1 keV, 6 min)
tra in order to obtain accurate Cu Augerand annealing to 1100 K in O2 (P=5.0×
parameters {Auger parameter=BE[Cu(2p3/2)]+10−6 Torr) or UHV for 1 h. Observed O(1s),
KE[Cu(LMM)]}. Therefore, characterization ofAl(2p) stoichiometries derived from core level
the deposited copper by values of Cu Auger param-intensities are shown in Table 1. Relative O and
eters must be regarded with considerable suspicionAl atomic concentrations in the XPS analysis
in these experiments. For this reason, we rely onregion can be derived from XPS intensities [33]
well known changes in the Cu(LMM ) lineshapeaccording to:
[38,39] to characterize the electronic state of Cu

NO/NAl=(I ∞O×SAl)/(I ∞Al×SO) (1) adatoms, and avoid making any judgements based
on the value of the Cu Auger parameter. Thewhere N, S and I∞ are, respectively, the atomic
Cu(LMM ) lineshape was determined to be inde-concentrations, atomic sensitivity factors and XPS
pendent of sample charging, which could be variedsignal intensity from the very top monolayer. I∞
by changing the X-ray source-to-sample distance.can be derived using:

The O(1s) spectra obtained after light sputtering
(Fig. 2), at grazing and normal incidence, are bothI∞=P

x=0
1

e−x/l dx/P
x=0
2

e−x/l dx (2)
well fit by two components (each with FWHM=
2.4 eV ) with a minor peak at 1.3 eV higher bindingwhere l is the mean free pathlength for O(1s) or
energy than the major peak. Also in agreementAl(2p) photoelectrons in units of monolayers —
with previous reports [11], the relative intensity of5.2 ML and 7.2 ML, respectively [33].
the higher binding energy component comparedAs shown in Table 1, the light sputtering treat-
to the main peak is increased in the grazingment (which reduces contaminant carbon below
incidence spectrum, indicating that this componentobservable levels) does not result in significant
corresponds to a surface species and is assigned tochange in relative O and Al core level XPS inten-
surface hydroxyl groups. The presence of hydrogensities. O(1s) and Al(2p) spectra obtained after
in the sapphire surface region, even after extensivesputtering are displayed in Figs. 2 and 3, respec-
annealing in UHV, has been confirmed by ion-tively. Binding energies and peak shapes were
scattering experiments [18]. The Al(2p) spectraunchanged from those observed prior to the final
are well fit by a single spectral component. Thesputter/anneal treatment.
relative O and Al concentrations derived fromCore level binding energies, as observed and
normal incidence measurements (Table 1) are ascompared with corresponding literature values, are
expected for stoichiometric sapphire, for both thesummarized in Table 2. Deviations in the observed
initial and 1 keV sputtered surfaces. Ratiosbinding energies from the corresponding literature
obtained from grazing incidence spectra, however,values indicate that the amount of charging

increases with binding energy (decreased kinetic indicate oxygen enrichment (Table 1). These data
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Fig. 2. O(1s) spectra (without charging correction) of sapphire (0001): (a) normal incidence; (b) 60° grazing incidence. Both are well
fit by two components: a major O2− peak and a minor OH peak at 1.3 eV higher binding energy (FWHM 2.4 eV ).

Fig. 3. Al(2p) spectra (without charging correction) of sapphire (0001): (a) normal incidence; (b) 60° grazing incidence. Both are
well fit by a single component with FWHM of 2.2 eV.

Table 2
Initial sapphire sample core level binding energies (eV) with differential charging indicated within parentheses

XPS line Al(2p) C(1s) O(1s)

Literature values [48] 74.4 284.5 531.0
Normal incidence 88.9 (14.5) 298.4 (13.9) 543.7 (12.7)
Grazing incidence 87.8 (13.4) 297.6 (13.1) 543.2 (12.2)

are again consistent with hydroxylation of the where IB is the O(1s) signal intensity from the
substrate (covered by MOH), I2B is the O(1s)surface.

An estimate of the surface hydroxyl coverage signal from a pure substrate, aA is the diameter of
MOH (~2.8 Å [40]), lA is the mean free path forcan be obtained as follows [33]:
O(1s) electrons (~11 Å [33,41]), and h is the angle

IB=I2B {1−WA+WA exp[−aA/lA(EB)cos h]}
between the analyzer lens axis and the surface
normal. Using the total O(1s) peak area as I2B ,(3)
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an initial MOH surface coverage of 0.47 ML is adatom interaction with the substrate, and not due
to experimental artifacts.obtained. This coverage is not affected by either

annealing to 1100 K in UHV or O2, consistent The change in relative Cu(2p3/2) XPS intensity
[normalized to the O(1s) intensity] with Cu depos-with previously reported results [18].
ition (the uptake curve) is shown in Fig. 5 for Cu
on sapphire. The uptake curve on sapphire (Fig. 5)3.2. Cu deposition
shows a sharp change in slope, which is indicative
of layer-by-layer growth (wetting) [33]. A compar-Results of Cu deposition were the same on

unsputtered and lightly sputtered surfaces, and are ison of Figs 4a and 5 indicates that the appearance
of Cu(0) corresponds to the completion of theshown below for the latter (which is carbon free

before deposition). Fig. 4a shows X-ray excited first layer, i.e. the first layer consists of Cu(I ). The
Cu coverage at which this change in slope occursCu(LMM) spectra as a function of Cu deposition

time. The evolution of the Auger lineshape indi- can be calculated from XPS intensities according
to Eq. (2). Estimating mean free path values fromcates that for deposition times <12 min, Cu is

present as Cu(I ). At longer deposition times the universal curve [41] yields a value of 9 Å for
the Cu(2p3/2) transition, and 11 Å for the O(1s)(higher coverages), the evolution of a new feature

at approximately 3 eV higher kinetic energy (corre- transition. These data therefore indicate that the
initial Cu(I ) adlayer grows to a maximum cover-sponding to a higher Auger parameter) indicates

the onset of Cu(0) formation [38,39]. In order to age of ~0.35 ML (on a Cu/O atomic basis), at
which point formation of Cu(0) occurs on top ofdetermine that the Cu(I ) formation observed at

low coverages was not an artifact of contamination the Cu(I ) adlayer.
from the chamber ambient, or in some way due to
the use of sputter deposition instead of thermal 3.3. Thermal stability of the Cu adlayers
evaporation, a similar experiment was carried out
for Cu deposition on a ~1000 Å film of amor- The thermal stability of the deposited Cu was

tested by annealing the Cu-modified surface tophous SiO2 grown on a Si wafer substrate. Cu is
well known to interact only weakly with SiO2 temperatures up to 1000 K in UHV. The annealing

behavior of Cu strongly depends on total Cusurfaces [42]. The results for Cu/SiO2 (Fig. 4b)
indicate the presence of Cu(0) even at the lowest coverage. As shown in Figs. 6 and 7, a 0.25 ML

coverage of Cu [pure Cu(I )] is stable up to 1000 Kobservable coverages. Therefore the presence of
Cu(I ) on sapphire at low coverages is due to Cu without significant change in either relative

Fig. 4. Cu(LMM) evolution during Cu deposition on (a) sapphire (0001) and (b) SiO2 with deposition rate 0.03 ML Cu/min.
Deposition temperature=300 K. Due to differential charging on sapphire surface, the Auger parameter for Cu(0) on sapphire is
different from that on SiO2.
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Fig. 6. Cu(2p)/O(1s) ratio during annealing of 0.25 andFig. 5. Cu(2p)/O(1s) ratio vs. deposition time for Cu on sap-
phire (0001) (deposition rate 0.03 ML Cu/min). Cu(I ) grows 0.75 ML Cu deposited on sapphire (0001). Dewetting of Cu

occurred at 500–600 K for coverage of 0.75 ML. No dewettingto a maximum coverage of ~0.35 ML, after which Cu(0) for-
mation was observed. The sharp change in slope indicates a was observed up to 1000 K for 0.25 ML coverage.
layer-by-layer growth mode.

would expect an increase in the relative Cu(I )
intensity in the Cu(LMM) spectrum. Therefore,Cu(2p3/2) intensity or change in oxidation state

(Fig. 7a). At 0.75 ML coverage, however, both the data in Figs. 6 and 7 indicate that the presence
of Cu(0) causes Cu(I ) to dewet from the surfaceCu(I ) and Cu(0) are present. Annealing to ele-

vated temperatures now results in a notable reduc- at relatively low temperatures. In the absence of
Cu(0), Cu(I ) is stable on the surface to at leasttion in the total relative Cu intensity (Fig. 6).

Coincident with this, the portion of the Cu(LMM ) 1000 K.
spectrum corresponding to Cu(I ) shows a marked
decrease in relative intensity compared to the
Cu(0) component. [An examination of the Cu(2p) 4. Theoretical results
spectrum reveals that no observable amounts of
Cu(II ) are present at any time during this In Table 3, we present the LDA adsorption

energy of Cu at 1/3 and 1 ML coverage at theprocedure.]
The data in Figs. 6 and 7a indicate that, at a strongest binding sites [22] on the sapphire surface.

We find that when isolated, Cu adatoms are oxi-Cu coverage of 0.75 ML, annealing to slightly
elevated temperatures (~500 K or higher) results dized and bind strongly. We also show the results

of a Born–Haber analysis, where the tendencyin the formation of 3D nuclei of metallic Cu,
including the Cu(I ) originally present at the sur- to form 2D islands is given by a negative value

(no wetting) of DE=E(1 ML Cu)+2E(cleanface. At such low temperatures, desorption of Cu
from the surface can be discounted. If only the surface)−3E(1/3 ML Cu). Cu adatom binding is

sufficiently weak on clean sapphire surface so 2DCu(0) originally present at 300 K were involved
in the nucleation (dewetting) process, then one islanding is favored over wetting.
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Fig. 7. Cu(LMM ) lineshape change during annealing of (a) 0.75 ML, (b) 0.25 ML Cu deposited on sapphire (0001) (kept 20 min at
each temperature). While Cu(I ) was stable up to 1000 K at low coverage (0.25 ML), Cu(I ) reduction to Cu(0) was observed as
early as 500 K at high coverage (0.75 ML).

Table 3 associated with metallic Cu far from the adoxygen
The LDA adsorption energy of Cu on a per atom basis in left behind, while the latter is closely coordinated
electronvolts on clean sapphire (0001), and on hydroxylated

to two Cu atoms, as may be seen in Fig. 8b.sapphire with 1/3 ML of ad-OH. The Born–Haber energy
However, this result does not alter the wettingDE01 is positive when wetting occurs
prediction (Table 3).

Cu coverage 1/3 ML 1 ML DE01

Sapphire 1.8 0.5 −4.5
Sapphire+OH 5.2 1.1 +3.8
Above with dissociated OH – 1.3 +3.1

5. Discussion

The experimental results presented aboveIn Table 3, we also see similar results for the
hydroxylated surface. Here, Cu adatom binding is demonstrate that Cu will wet a substantially

hydroxylated a-Al2O3(0001) surface at 300 K. Themore than doubled, as is also the binding at 1 ML.
The relaxed surface with 1/3 ML of both Cu and initially deposited Cu forms a conformal Cu(I )

adlayer with a maximum coverage of ~0.35 MLad-OH may be seen in Fig. 8a, and details concern-
ing the Cu(I ) geometry may be seen in Table 4. (on a Cu/O basis). At higher coverages, Cu(0)

forms over the initial Cu(I) adlayer. These resultsNow we see that the substantial number of OH
groups has reversed the Born–Haber prediction of are in excellent agreement with theoretical calcula-

tions performed on thick slabs, which show thatthe clean surface, and wetting is indeed preferred,
as observed; the relative total energies used in hydroxylation should significantly increase the

binding of Cu to the sapphire (0001) surface, andthese calculations may be found in Table 5.
Finally, we also examine a possible reaction of that maximum Cu(I ) coverage will be limited by

the fact that at higher coverages, CuMCu inter-Cu at 1 ML with OH, leading to OH dissociation.
We find this is exothermic by 0.6 eV per unit cell. actions causing metallic Cu would predominate.

In fact, the reaction of the additional Cu(0) withIn the relaxed geometry in this case, the H is
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Fig. 8. (a) The relaxed structure of 1/3 ML of Cu coadsorbed with 1/3 ML of ad-OH on sapphire (0001); (b) the relaxed geometry
of 1 ML of Cu coadsorbed with 1/3 ML of ad-OH, which has been dissociated by the presence of the Cu.

the initial Cu(I) is observed to be activated by an prominent concern for many experimental groups.
increase in temperature. Second, thin alumina films are much more readily

The experimental and theoretical results dehydroxylated by being produced and by annea-
strongly suggest a rationale for the wide range of ling in UHV than are sapphire surfaces [18,43].
contradictory results [11–17] reported for Cu wet- Therefore, in comparing literature results, one is
ting of alumina surfaces. First, the degree of most likely comparing substantially hydroxylated
sapphire surface hydroxylation is not obvious from sapphire surfaces to unhydroxlyated or lightly
a routine inspection of the XPS data of the clean hydroxylated thin films (polycrystalline or epitax-
surface, and a reading of the relevant reports [11– ial ). The theoretical and experimental results
18] indicates that surface hydroxylation was not a shown here predict that Cu growth on alumina

should vary greatly with the degree of surface
Table 4 hydroxylation. In this regard, it is useful to note
Geometry of relaxed 1/3 ML of Cu coadsorbed with 1/3 ML of results recently reported for Cu deposited on pre-
ad-OH on sapphire (0001) (Fig. 8a); since the basal plane buck-

sumably dehydroxylated epitaxial Al2O3 filmsles by 0.18 Å, the height is to the unbuckled plane
~20 Å thick [14], which clearly indicate that Cu

Height bond length Distance (Å) does not wet the surface. In summary, the
Cu/alumina binding is predicted to be significantlyCu to O plane 1.48
affected by both surface hydroxylation and alu-Cu to O (of OH) 2.02

O (of OH) to Al 1.78 mina substrate thickness.
The experimental results (Figs. 6 and 7) also

show that the thermal stability of adsorbed Cu(I )
Table 5

species is decreased in the presence of Cu(0). TheRelative energies (for one surface) used in Born–Haber cycle
thermal stability of very low coverages of Cu oncalculations (these do not equate to binding energies because

of the lateral interactions between ad-species). Unit: eV sapphire (hydroxyl coverage undetermined) has
been previously characterized by Auger spectro-

Structure Sapphire Sapphire (0001)
scopy [44]. Those results indicated that at very(0001) +1/3 ML ad-OH
low coverages, the Cu adlayer was stable to at

Slab 0.0 0.0 least 700 K [44]. These results are in agreement
+1/3 ML Cu −2.2 −5.6 with those presented here, which indicate that the
+1 ML Cu −11.0 −13.3

initial layer [Cu(I )] is stable on the hydroxylated
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basal plane of sapphire to ~1000 K. Subsequently ial films [14], indicates that the transition from
wetting to non-wetting does not depend on suchdeposited Cu(0), however, will not only nucleate
details of surface topography. In addition, the(dewet) at relatively low temperatures, but will
experimental results reported here are observed toalso cause the apparently tightly bound Cu(I ) to
be independent of adventitious carbon, at least updewet from the surface. Such behavior is quite
to coverages of ~0.5 ML. This indicates that suchdifferent from what is observed, for example, in
contamination does not critically impact wettingthe Cu/W(100) system [45], where the first Cu
behavior under these conditions and therefore theadlayer is tightly bound to the substrate whether
results presented are of relevance to situations ofor not a subsequent layer is present. The temper-
practical industrial processing.atures at which decreases in Cu(I ) coverage are

In view of the above results demonstratingobserved (~500 K, Fig. 6) are sufficiently low to
enhanced binding of Cu, as Cu(I ), to hydroxylatedrule out dehydroxylation of the surface as a cause
sapphire surfaces, the mechanical adhesion resultsof this behavior.
for Cu overlayers deposited on unsputtered andWe have not computed the hopping energy for
pre-sputtered sapphire surfaces are of interest [47].Cu(I ) on a sapphire surface, but activation ener-
Those studies observed an order of magnitudegies of 0.4–0.5 eV have been reported for Pt ada-
increase in Cu/sapphire mechanical adhesion fortoms on (non-hydroxylated) Al2O3/NiAl(110)
an optimum amount of Ar+ sputtering of the[46 ], and computed Pt binding energies for this
sapphire surface prior to Cu deposition, followedsurface are ~3 eV by LDA [22]. Here, however,
by annealing of the interface after deposition. Theone CANNOT assume the same ratio between
authors concluded that pre-sputtering mighthopping barrier and binding energy, because while
induce an interfacial alloy which would lead tohopping on the clean surface might involve an
enhanced adhesion, as suggested by Cu Auger andactivation barrier similar to the hollow-to-atop
photoemission spectra. We must therefore con-energy difference (<1 eV ), hopping on hydroxyl-
clude that the effects of hydroxylation explored

ated sapphire would involve hopping from the
here are only one aspect of interfacial

adjacent site to an ad-OH (binding energy wetting/adhesion, and that defects (vacancies,
~5.2 eV ) to a site away from the ad-OH (clean dehydroxylation, etc.) induced by sputtering of
surface binding energy ~1.8 eV ), resulting in an sapphire or perhaps other alumina surfaces may
activation energy of >3 eV. Assuming a reason- trigger new interfacial reaction pathways at ele-
able prefactor of ~1012, this implies rapid diffusion vated temperatures.
(on experimental time scales) on the clean surface
but negligible diffusion on the hydroxylated sur-
face. In addition to slow diffusion, dimerization in
the absence of Cu(0) is obviously hindered by 6. Conclusions
Cu(I )MCu(I ) repulsion. These arguments could
explain the high temperature stability of Cu(I) at Experimental studies have examined the depos-
lower coverages. At higher coverages, the presence ition of Cu on a substantially hydroxylated
of Cu(0) would facilitate dimerization and metal a-Al2O3(0001) (sapphire) substrate at 300 K under
island nucleation, the latter of which would irre- UHV conditions. The results agree with a concep-
versibly reduce the Cu(I ), as observed. tual model from first principles theoretical calcula-

We have no information concerning the detailed tions on Cu adsorption on hydroxylated sapphire.
morphology of the prepared surface, such as the The results include the following.
density of steps, point defects, etc. The fact that 1. Cu deposition onto hydroxylated sapphire
wetting has been observed on both ordered bulk (0001) at 300 K results in initial Cu wetting of
(sapphire) [11] and disordered (polycrystalline the substrate and layer-by-layer growth.
film) surfaces [12], while non-wetting has also been 2. The initial Cu adlayer is oxidized to Cu(I ),

with a maximum surface coverage of ~0.35 MLreported for bulk sapphire [15–17] and for epitax-
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